Abe C, Tanaka K, Awazu C, Morita H. Galvanic vestibular stimulation counteracts hypergravity-induced plastic alteration of vestibulocardiovascular reflex in rats. J Appl Physiol 107: 1089 -1094, 2009. First published August 13, 2009; doi:10.1152/japplphysiol.00400.2009Recent data from our laboratory demonstrated that, when rats are raised in a hypergravity environment, the sensitivity of the vestibulocardiovascular reflex decreases. In a hypergravity environment, static input to the vestibular system is increased; however, because of decreased daily activity, phasic input to the vestibular system may decrease. This decrease may induce use-dependent plasticity of the vestibulo-cardiovascular reflex. Accordingly, we hypothesized that galvanic vestibular stimulation (GVS) may compensate the decrease in phasic input to the vestibular system, thereby preserving the vestibulo-cardiovascular reflex. To examine this hypothesis, we measured horizontal and vertical movements of rats under 1-G or 3-G environments as an index of the phasic input to the vestibular system. We then raised rats in a 3-G environment with or without GVS for 6 days and measured the pressor response to linear acceleration to examine the sensitivity of the vestibulo-cardiovascular reflex. The horizontal and vertical movement of 3-G rats was significantly less than that of 1-G rats. The pressor response to forward acceleration was also significantly lower in 3-G rats (23 Ϯ 1 mmHg in 1-G rats vs. 12 Ϯ 1 mmHg in 3-G rats). The pressor response was preserved in 3-G rats with GVS (20 Ϯ 1 mmHg). GVS stimulated Fos expression in the medial vestibular nucleus. These results suggest that GVS stimulated vestibular primary neurons and prevent hypergravityinduced decrease in sensitivity of the vestibulo-cardiovascular reflex. linear acceleration; vestibular lesion; Fos expression; arterial pressure; daily activity IT HAS BEEN WELL DOCUMENTED that the vestibular system is involved in arterial pressure (AP) responses to changes in the force of gravity (14, 25, 33) and the direction of gravity (8, 18, 27, 32) . These responses are collectively known as the "vestibulo-cardiovascular reflex," which is indispensable for maintaining AP during posture transition (8, 18, 27, 32) . The vestibular system is highly plastic (6, 37); if the system is exposed to different gravitational environments, the sensitivity of the vestibulo-cardiovascular reflex changes. This plastic alteration of the vestibulo-cardiovascular reflex may partially contribute to orthostatic intolerance after spaceflight (38) .
IT HAS BEEN WELL DOCUMENTED that the vestibular system is involved in arterial pressure (AP) responses to changes in the force of gravity (14, 25, 33) and the direction of gravity (8, 18, 27, 32) . These responses are collectively known as the "vestibulo-cardiovascular reflex," which is indispensable for maintaining AP during posture transition (8, 18, 27, 32) . The vestibular system is highly plastic (6, 37) ; if the system is exposed to different gravitational environments, the sensitivity of the vestibulo-cardiovascular reflex changes. This plastic alteration of the vestibulo-cardiovascular reflex may partially contribute to orthostatic intolerance after spaceflight (38) .
We recently demonstrated plastic alterations in the vestibulo-cardiovascular reflex in rats exposed to hypergravity. When rats were raised in a hypergravity environment, the sensitivity of the vestibulo-cardiovascular reflex decreased compared with rats raised in the normal 1-G environment (1, 2) . The cause of plastic alterations in the vestibulo-cardiovascular reflex in response to a hypergravity environment is not clear, but two possible mechanisms have been proposed. First, a hypergravity environment increases static input to the vestibular system, which may in turn downregulate receptor expression in the central vestibular system. Second, phasic input recognized as an acceleration in the central vestibular system may be reduced because of decreased body movement in a hypergravity environment (11, 17) . In turn, this reduced phasic input may elicit use-dependent plasticity.
If the latter of these two mechanisms is true, then artificial input to the vestibular organs may prevent plastic alteration. To examine this hypothesis, we conducted three experiments. First, we compared horizontal and vertical movements of rats in 1 G and 3 G as an index of phasic input to the vestibular system. Second, we applied extrinsic electrical vestibular stimulation [galvanic vestibular stimulation (GVS)] to investigate the influence of phasic input on hypergravity-induced plastic alterations in the vestibulo-cardiovascular reflex. To achieve this aim, we raised rats in a 3-G environment for 6 days with or without GVS and compared AP responses to linear acceleration between the two groups. Third, we measured Fos expression in the medial vestibular nucleus in response to GVS to examine whether GVS stimulated the vestibular system.
METHODS
Animals used in the present study were maintained in accordance with the "Guiding Principles for Care and Use of Animals in the Field of Physiological Science" set by the Physiological Society of Japan. The experiments were approved by the Animal Research Committee of Gifu University. Male Sprague-Dawley rats weighing 230 -250 g (8 wk old; n ϭ 54) were used for the experiments.
Measurement of horizontal and vertical movements (n ϭ 12). To examine the horizontal and vertical movements, rat movements were detected using infrared sensor (SUNX, Aichi, Japan) for 7 days. Twelve rats were maintained in individual cages (20-cm width ϫ 36-cm length ϫ 19-cm height) set in a 1-G environment (control; n ϭ 6) and a 3-G environment (HG; n ϭ 6). The 3-G environment was induced by centrifugation using a custom-made gondola-type rotating box (Shimadzu, Kyoto, Japan). To clean the cages and refresh food and drinking water, we stopped centrifugation for 15 min every day. Cages were cleaned, and food and water were also refreshed for the control groups daily. All rats were fed ad libitum, the cages were maintained on a 12-h light-dark cycle, and the room temperature was maintained at 24 Ϯ 1°C. To measure vertical movement, infrared sensors were aligned horizontally (16 cm from the floor), and the number of intersections of the infrared beam was counted. To measure horizontal movement, vertically aligned infrared sensors were placed at the center of the cage, and the number of intersections of the infrared beam was counted.
Linear acceleration experiment (n ϭ 30). To implant GVS electrodes, 30 rats were anesthetized with pentobarbital sodium (50 mg/kg ip), and the external acoustic meatus was opened by a ventrolateral approach. The stainless steel electrodes were bilaterally implanted into the tympanic bulla through the tympanic membrane and were fixed using glue. Wires from the electrodes were connected to the terminal, which was fixed on the skull using dental cement (Miky Blue, Nissin, Kyoto, Japan). Penicillin G potassium (6,000 U/Day) was injected intramuscularly for 3 days.
One week after the GVS electrodes were implanted, all rats were anesthetized with pentobarbital sodium (50 mg/kg ip), and a polyethylene catheter (PE-50; Becton Dickinson, Sparks, MD) was inserted into the abdominal aorta via the left femoral artery to measure AP. The catheter was exteriorized from the back of the neck and fixed by suture. In six of these rats, vestibular lesion (VL) was performed using a bilateral injection of sodium arsanilate solution (100 mg/ml) through the external acoustic meatus into the middle-ear cavities (50 l per ear). In the other 24 rats, saline (50 l per ear) was injected instead of sodium arsanilate solution.
One day after surgery, 30 rats were divided into four groups: 1 G (n ϭ 8), 1 G-VL (n ϭ 6), 3 G (n ϭ 8), and 3 G-GVS (n ϭ 8). The 1 G and 1 G-VL rats were raised in individual cages in the normal 1-G environment until the linear acceleration experiments were conducted. The 3 G and 3 G-GVS rats were raised in a 3-G environment for 6 days. The centrifugation apparatus and raising method was the same as that employed for HG rats. In 3 G-GVS rats, continuous biphasic and bipolar GVS (10 A amplitude, 0.5 s plus, and 0.5 s minus) was applied using an electrical stimulator (NS-101; Unique Medical, Tokyo, Japan). The pattern of stimulation was repeated for 1 min, and stimulation was ceased for 9 min. This 10-min cycle was repeated throughout the 6 days of exposure to 3 G.
On the day exposure to hypergravity ended, the linear acceleration experiments were performed. Each rat was placed in a small box (6-cm width ϫ 20-cm length ϫ 6-cm height) that loosely restricted movement to prevent the rat from turning around. The rats were trained to stay in the box. Training was employed twice before the surgery and once before the linear acceleration experiment; each session lasted 20 min. The arterial catheter was connected to a pressure transducer (MP5200; Baxter, Deerfield, IL) placed at the cardiac level. The signal from the transducer was transmitted to an amplifier (MEG-6108; Nihon Kohden, Tokyo, Japan). A gravity sensor (MTS-050; Mitec, Hiroshima, Japan) was placed on the stage of the linear accelerator (LSA-S10HS; IAI, Shizuoka, Japan). All signals were recorded using an analog-to-digital converter (PowerLab; AD Instruments, Bella Vista, Australia) at a rate of 100 Hz.
The box containing the rat was covered with a copper box to minimize visual cues and wind during the linear acceleration. This box was placed on the stage of the linear accelerator. The G force (Ϯ2 G), stroke (2,000 mm), and interval (60 s) were programmed using computer software (SSEL; IAI, Shizuoka, Japan). Linear acceleration was applied in four directions: from tail to nose (forward), from nose to tail (backward), from right to left (left), and from left to right (right). Figure 1 shows the G profile of a rat that moves in the forward and right directions. The G force directed to the tail or the left indicates negative G, and the G force directed to the nose or the right indicates positive G. When the acceleration was forward or right, the G value decreased and was maintained at Ϫ2 G until the speed of the linear accelerator stage reached 2,500 mm/s. Acceleration was maintained at 0 G after reaching a speed of 2,500 mm/s, whereas a slightly positive G (Ͻ0.1 G) was applied during the deceleration phase. Linear accelerations in each of the four directions were repeated five times, and average data of the last three trials were used as individual data.
To examine AP responses to different types of stressors, the rats were briefly stimulated with compressed air. The rats were kept in their own cages, and a single pulse (1-s duration) of compressed air (23 g/mm 2 ) aimed at the forehead was applied from a 1-mm opening at the front of the tube.
Fos immunohistochemistry (n ϭ 12). To examine whether GVS stimulated the vestibular system appropriately, Fos expression in the vestibular nucleus was measured (n ϭ 12). The stimulation electrodes were implanted as described above, and rats were divided into two groups: GVS (off) (n ϭ 6) and GVS (on) (n ϭ 6). Seven days after the electrodes were implanted, continuous biphasic and bipolar stimulation (10 A amplitude, 0.5 s plus, and 0.5 s minus) was applied for 70 min using an electrical stimulator (NS-101; Unique Medical, Tokyo, Japan) for GVS (on) rats but not for GVS (off) rats. At the end of stimulation, rats were anesthetized with pentobarbital sodium (50 mg/kg ip) and perfused transcardially with 200 ml of heparinized saline (containing 1,000 U of heparin sodium) followed by 200 ml of 4% paraformaldehyde in phosphate buffer. The brain was then removed and stored overnight at 4°C in 4% paraformaldehyde. On the following day, serial sections of the brain (40 m) were prepared using a vibratome (LEICA VT1000E, Leica Instruments, Solms, Germany). Sections were treated with normal goat serum (1:100) and 0.05% Triton X-100 for 20 min and incubated with the primary antibody (c-fos Ab-5, Merck, Darmstadt, Germany) at a dilution 1:5,000 in phosphate buffer saline at 4°C overnight. Subsequently, the sections were incubated with 1:200 biotinylated goat antirabbit IgG (BA-1000, Vector) at room temperature for 2 h and were then incubated with 1:500 conjugated goat antirabbit IgG (Alexa 488, Molecular Probes) at room temperature for 2 h. Fos was detected using a fluorescence microscope (BZ-9000, Keyence, Osaka, Japan).
Statistical analysis. All data are presented as means Ϯ SE. For the data in Fig. 4C , a one-way ANOVA was applied. Repeated-measures two-way ANOVA was used for the data presented in Table 1 , Fig. 2 , and Fig. 4, A and B . If the F ratio indicated statistical significance, the Student-Newman-Keuls post hoc test was applied for between-group comparisons. Data in Fig. 5 were analyzed using a two-sample t-test. For the post hoc test and t-test, the significance level was set at P Ͻ 0.05. Table 1 shows the mean baseline AP and heart rate (HR) data of all the groups. In the linear acceleration and compressed air experiments, there was no difference in baseline AP or HR among groups.
RESULTS
In the control rats, horizontal and vertical movements did not change over the course of 7 days (Fig. 2) . In contrast, horizontal movements of HG rats decreased significantly by 75% after the first day of hypergravity; movement remained low after 6 days of hypergravity. Movement decreased more markedly in the vertical direction; vertical movement of HG rats stopped completely after 2 days of hypergravity. On day 6 of hypergravity, 21 Ϯ 1 vertical movements were counted. Figure 3 shows the typical recordings of gravity, AP, and HR in response to linear acceleration of the headward direction in 1-G, 1-G-VL, 3-G, and 3 -G-GVS rats. In 1-G rats, AP increased from 115 mmHg to a peak value of 140 mmHg 2 s after the onset of acceleration. The AP response was somewhat suppressed in 3-G and 1-G-VL rats, whereas the AP response in 3-G-GVS and 1-G rats was similar. An obvious response was not seen in the HR.
The mean data for AP response used for intergroup comparisons are shown in Fig. 4, A and B . AP response was calculated as the difference between the 4-s average of AP just before the induction of acceleration and the 1-s average of the peak AP value in response to the acceleration. In the 1-G rats, AP increased by 23 Ϯ 1 mmHg in the forward direction, 15 Ϯ 1 mmHg in the backward direction, 20 Ϯ 1 mmHg in the left direction, and 20 Ϯ 1 mmHg in the right direction. A directionspecific response was observed in the forward and backward accelerations but not in the left and right accelerations. The pressor response in the forward direction was significantly greater than that in the backward direction. The pressor response was significantly attenuated in the 1-G-VL rats and 3-G rats in all directions compared with 1-G rats. The pressor response in the 3-G-GVS rats was significantly higher than that in the 3-G rats, whereas it was similar to the 1-G rats. The pressor response to compressed air was calculated as the difference between the 4-s average of AP just before application of compressed air and the 1-s average of the peak AP value in response to air jet. In contrast with the linear acceleration experiment, the pressor response to compressed air did not differ among the groups (Fig. 4C) . Figure 5 , top, shows the Fos expression in a GVS (off) rat and a GVS (on) rat. In GVS (on) rats, significantly more Fos-labeled cells were visible in the medial vestibular nucleus compared with GVS (off) rats (Fig. 5, bottom) , suggesting that GVS stimulated the central vestibular pathway.
DISCUSSION
The major findings of the present study are as follows: 1) daily horizontal and vertical movement in 3-G rats was lower than that in 1-G rats, 2) the pressor response to linear acceleration was also lower in 3-G rats than in 1-G rats, 3) GVS inhibited the effect of hypergravity on the vestibulo-cardiovascular reflex, and 4) GVS stimulated Fos expression in the medial vestibular nucleus.
To examine the sensitivity of the vestibulo-cardiovascular reflex, we previously evaluated the pressor response to linear acceleration (2). The pressor response was significantly suppressed in the VL rats. This finding implicates the vestibular system in controlling the pressor response. Because the pressor response was significantly attenuated in 3-G rats, hypergravity probably stimulated plastic alteration of the vestibular system in the present study. This finding is consistent with our previous study (1, 2) , in which the pressor response to free drop or linear acceleration was attenuated in rats raised under 3-G or 2-G environment. The plastic alteration was specific to the vestibular-mediated pressor response, because hypergravity did not alter the pressor response to compressed air jet.
The duration of hypergravity required to induce plastic alteration of the vestibulo-cardiovascular reflex is unclear. In previous reports from our laboratory, we used 2 wk of hypergravity (1, 28) ; in the present study, 6 days of hypergravity was enough to induce the plastic alteration of the reflex. Pilot data for the present study indicated that the pressor response to linear acceleration did not change after 4 days of hypergravity, suggesting that 4 -6 days of hypergravity is critical for inducing plastic alteration of the vestibulo-cardiovascular reflex. In this context, it is interesting to note that 7 days (but not 1 or Forward acceleration
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Values are means Ϯ SE of arterial pressure (AP) and heart rate (HR) for each group. Baseline AP and HR were measured just before the linear acceleration and compressed air experiments.
3 days) of hypergravity (2 G) significantly suppresses mRNA expression of glutamate receptors in vestibular ganglion cells (34) .
Hypergravity reduces the daily activity of rats. Holley et al. (17) found that the daily locomotor activity significantly decreases at the onset of hypergravity loads of 1.25, 1.5, and 2.0 G and remains below normal for 2 wk. Fuller et al. (11) also reported that daily activity rapidly decreases (Ϫ80%) on the first day of 2-G hypergravity. Activity increased gradually thereafter, but was 29% below normal after 7 days of hypergravity. These two studies evaluated gross locomotor activity using a telemetry system that detects relative locational change between a receiver and a transmitter implanted in the abdominal cavity. These studies did not separate horizontal and vertical movements.
In the present study, the daily horizontal and vertical activities were separately evaluated. On day 1 of hypergravity, the horizontal activity decreased by 75% and gradually recovered to 60% of normal on day 6 of hypergravity; these findings are qualitatively and quantitatively consistent with previous reports (11, 17) . The present findings indicate that hypergravity reduced vertical movement to a greater extent than horizontal movement. In 1-G environment, rats stood up 350 -400 times/ day. This behavior was not related to food intake or drinking, because the food plate and water nozzle were set below the infrared sensor. Vertical movement stopped completely after the first 2 days of hypergravity and had not returned to normal after 6 days of hypergravity. This decrease in vertical and horizontal movement possibly reduces phasic input to the vestibular system and might induce plastic alteration of the vestibular system related to disuse. If this is the case, an artificial input to the vestibular system (e.g., electrical stimulation of the vestibular system) might prevent the plastic alteration. The results of the present study support this hypothesis because GVS preserved the sensitivity of the vestibulocardiovascular reflex, as evaluated by the pressor response to linear acceleration.
GVS has been considered as the externally applied vestibular stimulation and has been used for exploration of the vestibular function (10, 13) . In a previous study undertaken in our laboratory, we used GVS acutely to block the vestibulocardiovascular reflex (3) . In the present study, we used GVS chronically and observed that this treatment improved the vestibulo-cardiovascular reflex. These results appear to be contradictory; however, the two phenomena may represent different aspects of vestibular excitation in response to GVS. In our previous study, GVS may have interfered with input to the vestibular system in response to gravitational change. Since the Fos is an immediate early transcription factor in neurons (7), immunohistochemistry was employed as the simple marker of the GVS-induced vestibular activation in the present study. Fos protein shows the peak level within 2-4 h after exposure to the original stimulation and returns to baseline values within 6 -8 h (16, 29) ; thus we employed GVS for 70 min. Fos expression in the medial vestibular nucleus suggests that GVS may acti- vate the vestibular-related central nervous system, and this was consistent with the result of Kaufman et al. using gerbil (20, 24) . This mechanism might account for the protective effect of GVS against hypergravity-induced attenuation of the vestibulo-cardiovascular reflex.
The mechanism underlying GVS-induced prevention of the vestibulo-cardiovascular plasticity is not clear from the present study, but two possibilities are worth discussing. First, GVS itself compensates the reduction of phasic inputs; in other words, GVS increases recognizable inputs to the vestibular system. This type of functional electrical stimulation is commonly used for prevention of disuse muscle atrophy and osteoporosis (9, 12, 23, 36) . Furthermore, peripheral sensory stimulation is reported to assist neuromotor rehabilitation, probably due to short-term plasticity at multiple levels of the motor system (19) . Afferent vestibular stimulation may therefore modify the vestibular-related pathways, thereby improving the vestibulo-cardiovascular reflex.
Second, GVS may reduce the threshold of vestibular afferent neurons. In this manner, a body movement-related vestibular input is amplified and is detected by the vestibular system, even if weak. Irregular primary afferents respond to GVS, but regular units barely respond to GVS (13) . Irregular afferents elicit signal variability, and noise could enhance sensitivity to weak signals. This phenomenon is known as "stochastic resonance" (31) . According to this theory, although the phasic inputs to the vestibular system decrease during hypergravity, GVS may increase the sensitivity of the vestibular system, thereby preventing plastic alterations of the vestibulo-cardiovascular reflex. These possibilities warrant further investigation.
Perspective and Significance
Although the gravitational condition in spaceflight is different from that in hypergravity, the phasic input to the vestibular system may be minimal in spaceflight like as hypergravity, since there is no gravitational acceleration that induces otolith moving in spaceflight. It may also be low in aged subjects whose daily activities are reduced. Both spaceflight and aging are known to induce orthostatic hypotension (15, 22, 26, 30, 39) . Because the vestibular system is considered important for maintaining AP on posture transition (8, 18, 27, 32) , plastic alteration of the vestibulo-cardiovascular reflex may result in orthostatic hypotension. In this context, we examined the role of the vestibulo-cardiovascular reflex in controlling AP on posture transition and found that the vestibulo-cardiovascular reflex had a significant role in AP maintenance (32) . Without the vestibulo-cardiovascular reflex, AP decreased on posture transition from recumbent to upright (32) . This reflex was not active in aged subjects, and AP decreased at the onset of posture transition. No data currently exist for plastic alterations of the vestibulo-cardiovascular reflex after spaceflight, but the sensitivity of vestibulo-ocular and vestibulo-spinal reflexes change (4, 5, 21, 35) . The plastic alteration of the vestibulocardiovascular reflex may therefore occur after spaceflight. If this is the case, the results of the present study provide a new strategy for preventing orthostatic intolerance after spaceflight.
In conclusion, hypergravity may suppress movement and phasic input to the vestibular system, resulting in lower sensitivity of the vestibulo-cardiovascular reflex. GVS might compensate the decrease in phasic input to the vestibular system and preserve the vestibulo-cardiovascular reflex.
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